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Drosophila Model to Study Muscle Atrophy 
Abstract:  
Muscle atrophy (MA) is a phenomenon of muscle mass loss due to accelerated protein 
degradation in muscle fibers. Some pathological conditions, such as chronic inflammation or cancer, 
induce accelerated MA, which complicates medical treatment, hampers recovery of fragile patients, and 
ultimately can be the cause of a patient’s death. To gain better control over MA, more information is 
required about the whole spectrum of genetic factors that can influence MA. 
 
Drosophila provides an excellent platform for genetic screening, although it has somewhat 
limited utility for MA research since insect muscles lack the level of plasticity found in mammalian 
muscles. We adapted Drosophila flight muscles for a model of simulated MA, in which experimentally 
induced muscle actin knockdown causes concomitant degradation of actin-associated proteins, such as 
troponins and tropomyosins. We identified that proteins that are associated with thin filaments in the 
contractile apparatus are the ones that respond to actin loss most dramatically. 
 
Using a collection of ‘readout proteins’ with different sensitivity to actin loss, we conducted a 
small-scale genetic screen, aiming to identify genes that affect protein clearance in actin-depleted flight 
muscles. We reasoned that these genes might be potent in regulating actual MA. Our screen has 
identified 20 genes of diverse functions, most of them not previously associated with MA.  
 
We conducted a follow-up analysis for three factors uncovered by the screen: molecular 
chaperone Hsp22, actin regulator capt, and E3 ubiquitin ligase mib2. Genetic knockdown of each factor 
in actin-depleted flight muscles resulted in a retention of at least two out of four ‘readout proteins’ and 
various morphological phenotypes, such as size and number of protein aggregates and amount of 
polymerized actin. However, testing capt in in vivo, in developing pupa did not confirm its effect on 
developmentally regulated MA.  
 
Overall, our model holds promise for identifying novel candidates that handle protein clearance 
from muscles, but findings obtained with this model must be confirmed by a thorough validation. 
 
  
 
 
BACKGROUND AND SIGNIFICANCE: 
Skeletal muscle is a complex tissue that has highly ordered organization realized at macroscopic 
as well as microscopic levels. Muscle tissue is made up of bundles of muscle fascicles surrounded by 
connective tissue (Gillies and Lieber, 2011). Muscle fascicles are made up of bundles of muscle fibers 
which are made up of bundles of myofibrils (Fig. 1A). Muscle fibers are also known as muscle cells, and 
these cells are the product of the fusion of many cells resulting in multinucleated large cells. Myofibrils 
are composed of chains of sarcomeres and they contain the contractile apparatus necessary for 
movement. At the cellular level, the functional unit in muscle tissue is the muscle fiber (Fig.1). From 
humans to fruit flies, the basic structure of the muscle fiber is highly conserved (Taylor, 2007). Besides 
water, a large majority of a muscle fiber’s mass is taken by the proteins that make up the contractile 
apparatus. Interlocking actin and myosin protein filaments form the basis of the contractile apparatus 
with proteins like α-actinin and titin present for structural integrity.  
 While muscle fibers are vital to motion, they are also large consumers of energy, so a balance 
between size and energy consumption must be maintained. At the microscopic level, muscle fibers are 
considerably large and therefore not practical to simply eliminate in times of unfavorable conditions. 
Instead, their mass will be reduced. Myosin, actin, and accessory proteins like troponin and tropomyosin 
are the greatest contributors to the mass of the contractile apparatus so they are priority targets when 
it comes time to reduce a muscle fiber’s size (Luther, 2009).  
A  
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Fig. 1: Different levels of composition of striated (skeletal) muscle  
(A) Muscles are made up of distinct sublevels of organization. (B) Individual fibers are composed 
myofibrils with repeated structural elements (sarcomeres). (C) The organization of muscle contractile 
unit – sarcomere. A Sarcomere is a repetitive unit of the contractile apparatus of muscle, delineated by 
Z-discs that appear as dark vertical lines. The main component of the sarcomere is made by polymerized 
actin and myosin filament that slide against each other. Myosin filament heads attach to actin filaments 
in order to generate contractile force. Numerous auxiliary proteins, such as nebulin and titin, are 
present to organize and stabilize sarcomere structure. Image credits: A,B - 
(https://www.ouhsc.edu/histology/Text%20Sections/Muscle.html); C - 
(https://commons.wikimedia.org/wiki/File:Sarcomere.gif; License: Public Domain) 
 
 
 
Causes and prevalence of muscle atrophy 
Muscle atrophy (MA) is a term describing a loss of muscle mass that can occur for a large and 
diverse number of reasons. MA can occur naturally from cases of disuse, inactivity, or fasting (Jackman 
and Kandarian, 2004). For example, a person that sits at a desk all day typing a thesis is not using his leg 
muscles very much, so the inactive muscles will consequently reduce in size. This is a natural way to cut 
down on ‘energetic expenses’ associated with the maintenance of the muscle tissue that is not in use. 
When MA occurs under physiologically relevant conditions, it is typically a temporary state that can be 
reversed with time, nutrition, and exercise. However, there are multiple instances when MA occurs as a 
collateral condition under pathological circumstances such as severe inflammation or cancer, as well as 
in the course of aging (Powers et al., 2016). 
Muscle atrophy should not be confused with muscle degeneration. The latter is a condition 
where individual muscle fibers become damaged and potentially lost, whereas muscle atrophy results in 
a reduced size of individual fibers without affecting the total fiber count (Bonaldo and Sandri, 2013). The 
appearance of MA can sometimes be visible from a gross physical examination, but a microscopic 
analysis is often necessary to correctly identify muscle atrophy. The most common case where MA can 
be obvious is after the removal of a cast from a limb after healing a bone fracture. At the microscopic 
level, a significant decrease in muscle fiber size can be seen as well as an increase in the amount of 
connective tissue and fat surrounding the muscle; a computer tomography (CT), which uses a narrow X-
ray beam, is typically used for the diagnosis of muscle atrophy as can be seen in Figure 2. At the 
subcellular level, a loss of organelles and contractile apparatus can be seen.  
 
Fig.2: Aging-associate muscle atrophy. 
A Computer Tomography scan from the 
midthigh area of a young (left panel) and 
old persons (right panel). The dark gray 
area is the muscle mass and it is 
significantly reduced in the aged scan. 
From a physical examination, such a 
change would not be very noticeable as 
the overall circumference of the thigh has 
remained the same. Adapted from Ebert 
et al., 2015. 
 
Aging-associated MA is known as sarcopenia and it affects more than 15% of elders over the age 
of 70. Losing 0.5-2% of muscle mass per year is typical for a person over the age of 50 (von Haehling et 
al., 2010). The muscle size loss in sarcopenia is accompanied by a significant decrease in strength that 
results in increased incidence of morbidity and mortality. While muscle atrophy can be a natural 
physiological response to aging, the speed and severity at which it can occur can be detrimental to the 
elderly (Bufford et al., 2010). Muscle atrophy in sarcopenia leads to profound muscle weakness, which 
correlates with increased morbidity and mortality among the elders (Ling, et al. 2010). 
Cancer-caused MA is a significant part of a more general debilitating syndrome, called cachexia. 
Cachexia accounts for nearly 1/3 of all cancer related deaths, and there has yet to be a treatment 
 
 
developed that can even slow its progression. This overactive breakdown of muscle can result in losses 
of over 5% of body weight leaving many people bedridden (Dewys et al., 1980). 
The consequences of MA can be equally severe with all cases decreasing quality of life and 
increasing rates of morbidity and mortality. Approximately 1/5 of cancer related deaths are due to 
atrophy of respiratory muscles (i.e. diaphragm and intercoastal muscles) resulting in an inability to 
breathe (Inui, 2002).   
MA has a considerable financial impact on healthcare costs (Bufford et al., 2010). Estimated 
healthcare costs associated with sarcopenia are estimated to be $18.5 billion which equates to 1.5% of a 
whole year’s healthcare costs in the United States (Janssen et al., 2004). A 10% decrease in sarcopenia 
prevalence would save the USA $1.1 billion in healthcare costs every year. By age 80, approximately 50% 
of men and nearly 75% of women experience the effects of sarcopenia; effects of sarcopenia have a 
substantial negative influence on the elderly’s quality of life correlating to increased disability, 
morbidity, and mortality (Janssen, et al. 2000, Ling, et al. 2010, Chen, et al. 2012).     
 The prevalence of muscle atrophy is extremely high. Almost everybody has most likely 
experienced various levels of physiologically normal MA in their lifetimes. Muscles are the largest 
protein reserves in the body so this reduction in muscle mass can impair the body’s ability to recover 
from diseases, and diseases can cause accelerated MA in a cyclical manner. Cancer increases MA rates 
by 4.5%, Chronic Kidney Disease increases MA rates by 25%, and Diabetes increases MA rates by 30% 
(Bufford et al., 2010). As MA increases in prevalence so too do other diseases and problems (Fig. 3). 
There are genetic conditions that stimulate MA. For example, spinal MA, a congenital disease, occurs 
with a frequency of 1/10,000 births and is characterized by limb weakness, an inability to sit up, trouble 
eating, and respiratory  disease and failure which leads to mortality in most cases within 2 years of 
life(Fitzgerald et al., 2018). As mentioned earlier, even during normal aging, a person will lose muscle 
mass, so it is likely that most everyone will experience muscle atrophy at some point in their life. In the 
next 25 years, we expect to see a doubling in the number of people over the age of 65, so the number of 
people with a significant amount of MA is only going to expand.   
 
 
Fig. 3: Aging complications associated with 
different levels of severity of muscle atrophy 
[from (Argilés et al., 2016)].  
 
Even a 10% loss can have a significant impact on 
a person’s health and it only gets more severe as 
atrophy increases. 
 
 
 
 
Protein utilization in the cell: UPS, autophagy, lysosome-based pathway – general overview 
 Since the muscle contractile apparatus accounts for the largest portion of a muscle fiber and it is 
almost exclusively made of protein molecules, MA is associated with changes in muscle protein content. 
In order for a muscle fiber to maintain homeostasis, proteins are constantly created and degraded, 
creating a protein turnover; when muscle breakdown rates are greater than protein synthesis rates, 
muscle atrophy occurs (Millward et al., 1975). A majority of protein degradation within cells is 
performed by the ubiquitin-proteasome system (UPS) that at the core uses a large proteolytic complex 
known as the proteasome; it is thought that MA is mediated mainly by the UPS. The UPS works by 
marking proteins for destructions through use of the protein tag ubiquitin. Ubiquitin (Ub) is a small 
regulatory protein that can be found in nearly all tissues and binds to other proteins via covalent 
bonding, which is catalyzed by a series of enzymes called ubiquitin ligases (Fig. 4). These enzymes are 
divided into three major families, depending on which step in the ubiquitination process they catalyze: 
E1, E2, and E3. E1 starts the ubiquitination cascade by using an ATP to bind to a free ubiquitin protein 
where the E1 will then transfer the ubiquitin to an E2 enzyme via a transthioesterification reaction. The 
E2 then forms a complex with a specific E3 which can then bind to target proteins to transfer to the 
ubiquitin tag to the target protein (Fig. 4). These three types of Ub ligases are present to serve as points 
of control and selectivity in what is marked for degradation, which is evident at the level of 
diversification of E3 ligases: humans have 2 E1s, 38 E2s, and 600-1000 E3 enzymes; each E3 enzyme has 
a specific set of client proteins that it can ubiquitinate (Lecker et al., 2006).  
The specific E3s that operate in muscles remain largely unidentified, however, there are two 
well documented E3 ubiquitin ligases, known as MuRF1 and MAFbx, which are upregulated in response 
to MA (Sacheck et al., 2007). Increased expression of MuRF1 and MAFbx is transient and only shows 
upregulation in early stages of MA, which indicates that there are still more factors involved (Batt et al., 
2006). However, a study using knockout mice did show an absence of these two E3 ligases resulted in 
lower levels of muscle atrophy (Bodine et al., 2001). Once marked, the proteasome will degrade and 
break down the marked proteins. The proteasome itself is a hollow cylindrical protein polymer made up 
of nearly 60 subunits with some subunits being part of the regulatory region. Beyond the core 
components of the UPS, there are also several accessory factors, either already identified or yet to be 
identified, that can play a direct or indirect role in the pathway especially in muscles, and a model that is 
conducive to large-scale genetic screening is necessary to elucidate these factors.  
 Autophagy is another degradation pathway that is an alternative to the UPS and works primarily 
on misfolded or aggregated proteins and organelles. These degradation targets become surrounded by a 
double membrane for transportation to lysosomes. Lysosomes contain hydrolytic enzymes that will 
breakdown the contents of the double membrane vesicles. This pathway can also become activated in 
response to disease or a lack of nutrients (Yang and Klionsky, 2010). 
 
 
 
 
Fig. 4: Complexity of the Ubiquitin Proteasome System (Zheng et al., 2016).  
Ubiquitin can be attached to proteins following a number of different routes. 
 
 
Drosophila as a model organism on the frontiers of genetic research 
 With more than a century of history in research, Drosophila is the most favorable model 
organism for genetic studies and has been widely used to model various human diseases (Carroll and 
FitzGerald., 2003).  Drosophila and mammal skeletal muscles have a significant similarity in organization 
and regulation, but the advantage of Drosophila in genetic research is its lack of genetic redundancy 
(Piccirillo et al., 2014). For example, humans have 4 different close genetic paralogs of the same 
transcription factor, Mef2 (denoted as MEF2A through MEF2D), while Drosophila only has one gene. 
Working with an organism lacking multiple gene isoforms is convenient because the lack of redundancy 
allows researchers to be more confident that a gene’s function has actually been knocked down, 
without other isoforms of the gene compensating. This convenience is amplified by the fact that 75% of 
Human and Drosophila proteins share homology (Elgar et al., 2008). In the 100+ years that Drosophila 
have been used as a genetic model organism, the tools for the genetic manipulation of Drosophila have 
become well researched and understood which has led to the ability to quickly and cheaply create 
mutant lines containing a construct of interest (Ugur et al., 2016). 
When it comes to muscle research in Drosophila, the indirect flight muscles (IFMs) are often the 
most common target because they are the largest muscle group in the fly. Being large makes the IFMs 
easier to dissect for running PCR and easier to find bands on a Western because of their greater mass. 
Despite being the largest muscle, IFMs are not essential for life, so even severe genetic manipulations 
can be performed without lethal effects to the flies. These genetic manipulations often use the Gal4-
UAS binary expression system (Osterwalder et al., 2001). In this system, 2 different lines are crossed 
together; one is the driver line that contains a transgenic construct coding for the yeast transcription 
factor Gal4 and the other is the responder line that codes for an RNAi construct activated by Gal4-
responsiveDNA sequence and designed to knockdown the expression of a desired gene. The Gal4 driver 
 
 
has tissue-specific expression and, therefore, the RNAi construct can only be activated when Gal4 is 
present to bind to the upstream activating sequence. Two IFM-specific Gal4 drivers are 88F2-Gal4 and 
fln-Gal4 which can be used to drive the expression of a multitude of genes (Bryantsev et al., 2012). 
 
Complications for studying MA in Drosophila 
Despite all the benefits of the Drosophila model, there are some drawbacks when it comes to 
modeling MA in flies. The major complication is in the fact that Drosophila lacks the plasticity of 
vertebrate muscles, so whereas human muscles can grow or shrink in response to exercise, Drosophila 
muscles do not. Drosophila muscles are not subject to regeneration, so whenever a muscle fiber is 
damaged, repair is impossible. This is due to the lack of satellite cells, which are muscle stem cells that 
can fuse to muscles and donate their nuclei in mammalian muscles (Chaturvedi et al., 2017). 
We intend to use the Drosophila model even though it has aforementioned drawbacks, because 
we have created an experimental design that will allow us to overcome these shortcomings. The 
benefits of this study include being able to fill in gaps in the knowledge of muscle atrophy through the 
power of genetic studies. Our aim is to identify novel factors of muscle atrophy in order to gain a better 
understanding of the molecular function of muscle atrophy. Identifying and understanding the 
molecular function of such factors increases the number of potential targets and interactions for 
medical treatments. Treating muscle atrophy could significantly reduce healthcare costs while also 
improving the quality of life for all involved. 
 
MATERIALS AND METHODS: 
Fly husbandry and fly stocks 
Drosophila genetic lines were kept on standard fly food (Jazz-formula, Fisher) at room temperature; 
genetic crosses were raised at 25oC. All genetic lines used in this study are listed in Table 1. Most of 
stocks were purchased from the Bloomington Drosophila Stock Center (BDSC). Mef2-Gal4 line was a gift 
from Dr. Aaron Johnson (Washington University School of Medicine). AA-1E line was created in the lab 
by crossing 88F2 Gal-4 driver line (chr X, Bryantsev et al., 2012) and UAS-Act88F RNAi line (chr 2, BDSC ID 
67785). This line has a permanent RNAi-driven knockdown of actin in flight muscles and was used to 
generate double knockdowns (KD) during genetic screening. Most AA-1E flies contained the CyO 
balancer chromosome, which was important for selecting flies with wild-type (WT) phenotype in 
subsequent crosses. 
Genetic crosses and screening: 
Genetic knockdowns were achieved using RNAi constructs driven by the Gal4/UAS system (Brand and 
Perrimon, 1993). Crosses were set up between Gal4 driver-containing virgin AA-1E females and males 
from RNAi lines, containing transgenic constructs (transgenes) targeting various candidate genes for 
RNAi-mediated genetic knockdown. To obtain negative controls, AA-1E females were crossed with attP2 
(#36303) and attP40 (#36304) flies that did not have any RNAi-inducing transgene but were the parent 
lines for RNAi lines with transgenes inserted at landing sites attP2 and attP40, respectively (see Table 1). 
Progeny of the crosses between AA-1E and these two lines were designated as single KD, since they had 
 
 
only a single KD of a gene (Act88F). Crosses were kept in standard vials at 25oC. Parents were purged 
from vials a week after the crosses started. Progeny producing vials were checked for newly eclosed flies 
daily. Each day, progeny from genetic crosses were collected into vials and aged for 1 day at 29 oC before 
freezing for muscle dissections or cryosectioning. 
Live pupa imaging: 
 All crosses were kept at 25C. To obtain capt KD flies with fluorescent muscles, a two-staged cross was 
set up. First, Mhc-tauGFP (X-chr);;Chro17A/TM6 virgin females were crossed with capt KD males 
(#33010). From the progeny of this cross, only tubby males (genotype: Mhc-tauGFP;;capt KD/TM6) were 
collected and used in the second cross, with Mef2-Gal4 virgin females. Progeny of the second cross with 
the genotype Mhc-tauGFP;;capt/Mef2-Gal4, were collected at the white pupa stage; TM6 produces 
shorter pupae (tubby phenotype) allowing us to visually sort them away from the desired progeny. 
Control pupae were obtained with essentially the same crossing scheme, but where the capt KD males 
were substituted with genetically matching control males attP2 (# 36303). Collected white pupae were 
secured on a standard glass slides for imaging with a double-sided tape. A layer of halocarbon oil was 
placed on the pupae followed by a coverslip; a care was taken not to cover pupa’s horn-like spiracles. 
The clearance between the coverslip and slide was maintained by 0.9 mm glass capillaries to prevent 
pupae from being squashed. Images of the pupae were then taken with an epifluorescence microscope 
equipped with a CCD camera, using 10X Plan-Neofluar objective (AxioVision M2, Zeiss). Slides were kept 
in a humidity chamber at 25oC for the entire developmental course. 
TABLE 1: List of Drosophila genetic line used in this study. Stock ID matches the one from the 
Bloomington Drosophila Stock Center.  
Stock 
ID/name 
Gene 
Target 
Landing place for 
transgene 
Notes 
88F2# N/A X-chromosome Gal4 driver active in flight muscles 
Mef2-Gal4 N/A 3rd chromosome Pan-specific muscle driver 
36303/attP2 N/A attP2 Control for attP2-inserted transgenes 
36304/attP40 N/A attP40 Control for attP40-inserted transgenes  
53739 N/A 
X-chromosome Contains Mhc-tauGFP construct expressing GFP in 
muscles for live imaging. 
67785 Act88F 
attP40 Crossed with 88F2 to create AA-1E line; used to 
generate single KD 
25920 Picot attP2  
25954 Arc1 attP2  
28057 Sem1 attp40  
31621 Lamc attP2  
31733 IP3K1 attP2  
32344 Phf5a attP2  
32516 Mbs attp40  
32869 TER94 attP2  
32939 Map205 attP2  
33010 capt attP2  
 
 
33749 Cisd2 attP2  
33948 Hsp70Bb attP2  
33989 ubqn attP2  
38251 tko attp40  
40832 Eaat2 attp40  
42639 Hsp70Ab attp40  
43280 opm attP2  
44113 ctl2 attp40  
51816 l(2)efl attp40  
52984 CG13220 attp40  
53969 CG13323 attp40  
56957 Mur18B attp40  
57296 Tak1 attp40  
57310 Primo-1 attp40  
57759 key attp40  
58088 CG15432 attp40  
58160 CAH7 attp40  
58322 ND-MNLL attp40  
60127 CG8860 attp40  
61332 CG12560 attp40  
61879 CG12848 attp40  
61923 CG5171 attp40  
62311 grsm attp40  
62352 CG13319 attp40  
62840 Muc11A attp40  
63646 CG4646 attp40  
63659 CG18853 attp40  
64659 eEF1alpha2 attp40  
64959 Tsp42Ei attp40  
64961 CG14245 attp40  
65055 tsr attp40  
65060 Ssb-c31a attp40  
65915 CG17768 attp40  
65921 CG7378 attp40  
66956 Usp14 attp40  
66998 pfdn1 attp40  
67982 Dim1 attP2  
77173 CG14688 attp40  
80406 CG11137 attp40  
80427 Thor attp40  
#) Created in this study. 
 
 
 
Immunohistochemistry 
The following primary antibodies were used in this study: rat anti-Troponin C (clone MAC 352, Abcam 
plc), rat anti-tropomyosin (recognizing IFM-specific high molecular weight isoforms, also known as TpnH 
(Mateos et al., 2006), clone MAC 143, Abcam), rat anti-troponin T (clone MAC145, Abcam), mouse anti-
α-actinin (clone 2G3-3D7, Developmental Studies Hybridoma Bank), and rat anti-actin (pan-specific, 
clone MAC 237, Abcam). Secondary antibodies included polyclonal goat anti-rat conjugated with Alexa 
Fluor 568 (A11077, Invitrogen), goat anti-rat, conjugated with IRDye® 680RD (925-68076, Li-Cor), and 
Fab fragments of goat anti-mouse, conjugated with Cy3 (Jackson Immunoresearch). For cryosections 
staining, primary antibodies were diluted as 1:100; for Westerns the anti-troponin C antibody was 
diluted as  1:500, the anti-TpnT as 1:5,000, the anti-α-actinin 1:1,000, the anti-actin antibody as 
1:10,000. Secondary antibodies were used at 1:400 dilution for immunofluorescence on slides and 
1:5,000 for Westerns. 
Cryosectioning 
Female flies were preferentially used for their larger size. Adult flies were anesthetized using CO2 and 
then submerged into the medium for freezing (TissueTek); if un-hatched adults (pharates) were used 
then the anesthetizing step was skipped. Double-sided sticky tape was placed onto a metal spatula 
where a paper strip containing the sample’s details was attached to the sticky tape. Using a needle, legs 
and wings were cut off the fly while pharates had holes poked into the pupa casing to allow TissueTek to 
displace air pockets inside. Flies were placed on the sticky tape dorsal side down and briefly allowed to 
dry. Additional TissueTek was added to cover the flies and fly positioning was readjusted if necessary. 
Samples were then submerged into liquid nitrogen until frozen. Frozen blocks and accompanying paper 
strip were detached from the spatula and stored at -80oC until sectioned. To cryosection, samples were 
first mounted, in TissueTek, on a sample holder, dorsal side up. Tape and paper were then peeled off the 
sample, which was then shaped using a razor blade to remove excess TissueTek. The mounted sample 
was then adjusted to be parallel to the cryotome blade. Sections were made at a thickness 10 um and 
collected onto a slide to air-dry for a minimum of 15 minutes. Sections could be stored for a week in a 
dry box at 4oC before processing for immunostaining.  
Immunofluorescence of cryosections 
Slides with dried-up cryosections were fixed using a solution of 3.7% formaldehyde in Phosphate 
buffered saline (PBS) for 10 minutes. Phosphate buffered saline with 0.1% Triton X-100 (PBTx) was then 
used to rinse the slides 2x3 min. The slides were then submerged in a permeabilization solution (1% TX-
100 in PBS) and placed on a rocker for 20 min at 60 rpm. Next, slides were rinsed twice with PBTx. 
Primary antibody solutions were diluted with 1% solution of Bovine Serum Albumin dissolved in PBTx. 
Typically, primary antibodies were diluted at 1:100 for the primary stain; 95 µL of antibody solution was 
applied to each slide and then covered with a coverslip. Slides with applied antibody solutions were 
incubated in humid chambers, an enclosed environment with wet Kimwipes to prevent drying, overnight 
at room temperature. The following day, the coverslips were removed by immersing slides into PBTx. 
Goat anti-mouse or Goat anti-rat along with phalloidin labeled with Alexa 488 and DAPI (4',6-Diamidino-
2-Phenylindole) were combined in a solution of PBTx. Secondary antibodies were applied for 1 hour at 
 
 
ambient temperature. Slides were then rinsed twice more in PBTx and then 95 µL of mounting media 
was applied to each slide.  
Morphometry and image quantification 
FIJI (a package of the free image analysis software ImageJ (Schindelin et al., 2012)) was used for 
quantification of stained sections. Each fly had a representative section selected for quantification. In 
FIJI, the TnC channel was isolated, converted to grayscale, and had brightness adjusted. An outline was 
drawn around the Dorsal Longitudinal Muscles (DLMs) as well as outlines around any holes within the 
DLMs to subtract area. The ROI manager was used to quantify the total area of the DLM for later 
calculations. A threshold with the settings, “Max entropy” was set creating a black and white mask of 
the image. With the outline actively selected, the “Measure Particles” tool was used and sizes of every 
particle detected was recorded; particles were screened to prevent the program from reading 2 close 
particles as 1 larger particle. The total number of particles (min 1 µm2) counted was then divided by the 
total area to calculate the average aggregate count. Particles above 10 µm2 were counted and divided 
by the total area to calculate the number of large aggregates present. These calculations were done per 
fly. 
Muscle dissections for protein lysates 
Under a light microscope, four whole frozen flies, from each line, were submerged in TissueTek and the 
heads, abdomens, legs, and wings were all cut off using a 30-gauge disposable syringe needle. With the 
thorax facing ventral side down, the needle was then inserted through the center of the posterior side 
and pushed downward to cut the ventral side as evenly as possible. After rolling the thorax over, the 
dorsal side would now be facing downward. The needle was once again inserted through the center of 
the posterior side and force was applied downward to cut the dorsal side as evenly as possible resulting 
in 2 symmetrical thorax halves. Six muscle fibers, known as DLMs could be seen running longitudinally, 
and a cut was made, in the same direction, just below these fibers to cut off the jump muscles. A second 
needle was used to hold the sample steady while the other needle was inserted underneath DLMs. The 
needle was carefully lifted upward to extract the fibers from the thorax. The fibers were then placed in a 
1.5mL tube with 1mL of cold PBS to rinse off residual TissueTek; tubes were placed on a rotator until all 
fibers no longer stuck to the sides of the tube. The tubes were then centrifuged for 2 minutes at 7000 
rpm. As much PBS as possible was then pipetted out of the tube without removing any fibers. The tube 
was then stored at -20o C; all samples were frozen for at least 1 day before being processed in the next 
step.  
Protein electrophoresis and immunoblotting  
To lyse dissected flight muscles, 50µL of Laemmli sample buffer (4% SDS, 20% glycerol, 0.004% 
bromophenol blue, 0.125M Tris-Cl, pH 6.8, 10% 2-mercaptoethanol) was added to each sample tube and 
then samples were homogenized with a mechanized plastic pestle. Samples were then incubated for 5 
minutes at 100 oC and cleared by centrifuging at max speed for 2 minutes. 10 µL of each sample was 
loaded into a well of a 4-20% gradient acrylamide MiniProtean TGX gel (Bio-Rad, cat #4568096) for 
separation; 5 µL of ladder (Precision Plus Protein Prestained Standards, Bio-Rad) was used. Gels were 
run in 1x Tris/Glycine/SDS Buffer (BioRad, Cat. #1610732) at 100V for 7 minutes and then at 200V for 
approximately 28 minutes. Once the gel was finished running it was removed from the cast and imaged 
in the BioRad ChemiDoc Imaging System, using the option Stain Free Gel 45 sec. Gel images were used 
 
 
for sample loading normalization in downstream protocols. To transfer proteins for Westerns, the 
transfer stack was assembled using TransBlot Turbo Mini-size LF PVDF Membrane and Trans-Blot Turbo 
Mini-size Transfer Stacks and run with Trans-Blot Turbo 1x Transfer Buffer (BioRad, Cat #10026938), in 
the Bio-Rad machine for 6 minutes at 25V and constant 2.5A. The membrane was then soaked in TBS (20 
mM Tris pH 7.6, 150 mM NaCl). Ponceau stain was used to visualize the transferred proteins to 
determine the best area for trimming. After trimming the membrane to minimize area for antibody 
staining, the membrane was blocked using casein blocking buffer (1X TBS, 0.1% Tween20, 1% casein) 
and incubated for 30 minutes. Primary antibody in 2.5mL of blocking solution (rat anti-TpnC ab51106 
1:750 and rat anti-α-actinin 1:1000) was then added and membranes incubated overnight at 4 oC on a 
rocking platform set to 50 rpm. After the primary stain was complete, the primary antibody solution was 
pipetted out. TBST (1xTBS and 0.1% Tween20) was then used to wash the membrane 3 times 5 minutes 
per wash. Secondary antibody in TBST (Goat anti rat 1:5000 680RD) was added and incubated for 1 hour 
at room temperature. The membrane was then washed 3 more times with TBST and once for 10 
minutes before visualization in the Li-cor laser scanner. Settings in the Li-Cor program were set to 
provide the highest resolution image. 
Protein band quantification 
Lane loading was calculated from gel images. A specific area of each lane that showed no apparent 
perturbations in relation to genetic knockdowns (see fig. 2A) was quantified using the volume tool in the 
Image Lab program (BioRad, version 6.0.1). Loading of each lane was expressed as a fraction of a 
reference lane, which always was set to be the lane with WT (no KD) lysate. 
Bands from immunoblots were analyzed by Image Studio Lite (LiCor, ver. 5.2). Specific bands were 
closely framed with individually drawn rectangle selections. The program calculated the integrated pixel 
intensity for each selected area. The background was approximated from narrow margins along the 
vertical sides of each rectangle selection and subtracted from integrated intensity values area to obtain 
net intensity. Next, the intensity of each band on the same immunoblot membrane was expressed 
relative to the corresponding band present in the WT sample.  
Finally, relative net intensities for each band were divided by lane loading values to generate the 
normalized band quantities. All WT (no knockdown) samples had a normalized value of 1, while other 
samples were expressed as a fraction of that. Each gel used for genetic screening contained one WT 
sample with no KD and two single KD samples (Act88F KD only).  
To identify screen hits, normalized band values for each double KD sample was divided by the average of 
the two single KD (Act88F only) samples present on the same immunoblot membrane, and expressed as 
a log[2]. The results from all gels were then pooled together and ranked across the entire population of 
double KDs. For some double KDs represented by biological repeats, their log[2] values had been 
averaged before being ranked. Those double KDs that belonged to the topmost quartile of the entire 
screened population were considered genetic hits.  
  
 
 
Results: 
 Actin depletion facilitates removal of other muscle structural proteins. 
In order to mimic molecular conditions of MA, we experimentally depleted actin from 
Drosophila indirect flight muscles (IFMs). We decided to knock down actin because it is structurally 
integral to the contractile apparatus with many proteins binding it for proper formation, so without 
actin it would become necessary to break down the excess of muscle proteins that no longer have a 
place to bind properly. The knockdown (KD) of actin in IFMs was achieved using an actin RNAi construct 
and the UAS/Gal4 system (Brand and Perrimon, 1993). These flies carry the 88F2 driver (Bryantsev et al., 
2012) on the X chromosome driving expression of UAS-Act88fKD on the second chromosome. Act88F is 
a gene coding for muscle actin, a major structural protein in the contractile apparatus in flight muscles. 
The Act88F KD construct works by expressing double-stranded RNA with a sequence identical to a 
fragment of the sequence for the Act88F gene which induces the production of RNAi against Act88F 
mRNA. The 88F driver used will not drive expression of the actin RNAi construct until the adult flight 
muscles begin to form. In cryosections from Act88F KD flies stained with fluorescently labeled phalloidin, 
no significant presence of polymerized actin was detected, which was in stark contrast with the wild-
type muscles that demonstrated tightly packed actin filaments in abundance (Fig. 1A). The specificity of 
the 88F2 driver ensures that the KD occurs only in the IFMs while other muscles like the jump muscles 
remain unaffected (Figure 1A, Bryantsev et al., 2012).  
IFM lysates analyzed in acrylamide gel using a general protein staining confirmed that the 
knockdown of actin was effective (Fig 1B). Using a more sensitive immunodetection method, we 
confirmed that only a minute amount of actin is present in KD flight muscles (Fig 1B lower panel). 
Interestingly, in tandem with this drop in actin levels there was a similar disappearance of another 
prominent band from the gel, which we tentatively identified as belonging to actin-binding protein 
tropomyosin (Tm)(Figure 1B). Tropomyosin has been reported to disappear from the muscle proteome 
in Act88F mutant KM88 (Hiromi and Hotta, 1985). 
 
 
 
Figure 1: The knockdown of muscle actin in the indirect flight muscles (IFM) results in a decrease in 
actin-associated protein Tm. (A) Sections of Drosophila thoraces stained for F-actin. Asterisk marks 
Indirect Flight Muscles and T’s mark Jump muscles. (B) IFM lysates separated in acrylamide gel and 
stained with BioRad Stain-Free technology. Lower panel: The accompanying western stained for actin. 
Ub-Actin is a normal modification of actin in adult flies with a single molecule of ubiquitin. 
 
Selective response among muscle structural proteins to actin depletion 
 Given that Tm is an actin-associated protein, we decided to characterize responses to Act88F KD 
of several structural proteins with various degrees of association with polymerized actin. We chose 
troponin and tropomyosin as examples of highly actin-dependent proteins, because they are affixed to 
actin filaments; cross-linking protein α-actinin, which resides in the Z-band of sarcomeres and has 
somewhat limited interaction with actin; and the muscle motor protein myosin that interacts with actin 
briefly during muscle contractions (Otey et al,. 2004). Using immunoblotting, we analyzed the 
abundance of troponin C (TnC), Troponin T (TnT), high molecular weight tropomyosin (TmH), and α-
actinin in dissected wild-type and Act88F KD flight muscles (Mateos et al., 2006). In addition, we 
quantified the presence of Myosin Heavy Chain (MHC) and low-molecular weight tropomyosin (Tm) in 
pan-specifically stained protein gels (Fig. 2A). For the knock-down samples we used two genetic lines 
with slightly different genetic makeups, designated as KD1 and KD2 (see Materials and Methods for 
more details). These two lines served as independent biological repeats and produced, essentially, the 
same results (Fig. 2B). TmH, Tm, TnT, and TnC, all of which are closely associated with actin, showed 
significant drops (decreased by 75-99%) in quantity compared to the wild-type control. The less closely 
associated protein, α-actinin, showed a much less significant drop in protein content (decreased by 40%) 
while MHC, a protein only transiently associated with actin, showed only a slight decrease.  
 
 
 
Figure 2: Structural muscle proteins demonstrate a varying response to the loss of actin. (A) PAGE gel 
of lysates prepared from dissected IFMs of wild-type flies and two independent Act88F knockdowns 
(KD1, KD2) and stained with Bio-Rad stain-free technology. The box area was used by Image Lab to 
quantify each lane loading. Arrows indicate positions of prominent bands corresponding to muscle actin 
(subject of knockdown) and Tm and MHC proteins that were used for quantification in gel. Insets show 
 
 
immunological detection of indicated structural proteins and their position in gel. Note that TmH and 
TnC are represented by double bands due to differences in protein isoforms. (B, C) Quantification results 
for select structural muscle proteins. Band intensities from gels or immunoblots (N=9) were normalized 
to lane loading and expressed as a fraction of the amount present in WT sample. (B) Proteins that 
strongly respond to actin KD. (C) Proteins that have mild and moderate response to actin KD. Non-
paired, two tailed student’s t-test with unequal variance. **p<.01 
 
To validate lysate-based findings, we also ran an immunofluorescence analysis for select 
proteins on cryosections. We chose two targets that produced different responses in lysates: troponin C, 
which is very sensitive to actin presence; and α-actinin, only moderately sensitive.  To increase analysis 
credibility as well as to investigate the kinetics of protein removal, we analyzed experimental flies at two 
timepoints: in pharate adults, where expression of muscle genes is still high, and in 1-day old adults that 
have their muscle genes inactivated (Bryantsev et al,. 2012). Cryosections of intact thoracic muscles 
within flies were subjected to immunofluorescent staining to reveal the protein of interest as well as 
polymerized actin and DNA. In WT flies, the normal distribution of both TnC and α-actinin followed a 
repeated pattern of bands; it should be noted that these bands are at slightly different locations with 
TnC being found on the actin filaments while a-actinin is bound at the Z-lines (Figure 3A,B). In KD 
pharates, this organized distribution was completely lost resulting in a seemingly random distribution of 
aggregates. Examination of the 1-day old experimental flies, stained for TnC, showed another change in 
distribution as the number of aggregates decreased considerably but the size of these aggregates 
increased slightly. However, α-actinin did not show a significant change in size or number of aggregates 
between pharate and 1-day old. These results were consistent with those obtained in IFM lysates (Fig. 1 
B,C) and confirmed that the rate of removal for TnC and a-actinin proteins differs noticeably in actin-
depleted muscles.  
Analysis of cryosections also revealed that the anti-TnC antibody used in this study may not truthfully 
represent the amount of TnC levels in lysates as the change in TnC protein content was not as dramatic 
as seen in immunoblots (compare Figs 1A and 2A).  
 
Figure 3: The knockdown 
of muscle actin in indirect 
flight muscles results in a 
decrease in the closely 
actin-associated protein 
Troponin C (TnC) but no 
significant decrease in the 
less closely associated α-
actinin. (A) Upper Row: 
Thoracic muscles stained to 
reveal TnC and polymerized 
actin. Jump muscles (T) are 
not subject to the RNAi and 
serve as a reference point 
and internal control. Lower 
Row: A close up from upper 
images to better show TnC 
 
 
 
distribution. (B) Upper 
Row: Thoracic muscles 
stained to reveal α-Actinin 
and actin filaments. Lower 
Row: A close-up from upper 
images to better show α-
Actinin organization. 
 
Taken together, our data generally confirmed that experimentally-induced actin deficiency promotes 
enhanced degradation among other muscle structural proteins. However, we also noticed that this 
response was selective among the proteins and apparently depended on the degree of their association 
with actin filaments. We conclude that although actin KD does not entirely reproduce MA, it may be 
used as a platform to study enhanced degradation of actin-binding proteins.  
 
Genetic screening identifies factors that affect clearance of structural proteins from actin-depleted 
muscles 
 Next, we aimed to identify which genetic factors influence the loss of structural proteins in 
actin-depleted muscles. We reasoned that such factors might also impact protein clearance during 
actual MA. The experimental setup was to genetically knock down genes of interest along with Act88F in 
flight muscles and quantify structural proteins that respond to actin loss in such double KD flies. Those 
double KDs that demonstrated increased retention of structural proteins would constitute a hit in this 
screening (Fig. 4A).  
Candidate genes for the screening were selected based on a previous work from our lab, in 
which an RNA-seq transcriptional profiling had identified ~120 genes that elevate their expression in 
flight muscles in response to Act88F expression decline (DeAguero et al 2019). We assumed that if genes 
upregulate their expression in response to actin shortage, they would be more likely to participate in the 
clearance of muscle protein surplus. Out of that pool of genes, we had selected and screened 55 
candidate genes with diverse functions, including genes that previously had been associated with 
protein turnover control.  
Each double KD was assessed for the retained amounts of TnC, TnT, TmH, and α-actinin that 
served as ‘readout proteins’. Screening hits were determined independently for each readout protein. 
Figure 4B contains a summary table listing all genetic factors that produced at least two hits. Notably, no 
 
 
screened genetic factor produced hits with all four readout proteins, however there were 3 factors that 
scored three hits. Further analysis revealed four categories of hit-producing genes (Fig. 4C): 1) classical 
USP components (proteasomal subunits and E3 ligases); 2) molecular chaperones (small heat shock 
proteins); 3) actin regulators (tsr which has an actin filament severing function, and capt that regulates 
actin filament assembly); and 4) unexpected, novel genes (genes with diverse functions that previously 
have not been associated with protein turnover, nor with actin regulation).  
 
 
 
 
 
 
Fig. 4: Genetic screen results of genes with elevated protein levels. (A) An example of a “hit” resulting 
in a noticeably higher retention of TnC content a double KD sample. (B) A list of all genes tested with 
various protein readouts (TnC, TnT, TmH, and α-actinin). Numbers represent log[2] fold changes in 
readout protein content as compared against single KD controls; values exceeding 75th percentile are 
highlighted in orange. Asterisks mark genes used for screen validation. (C) Grouping of hit-producing 
genes into four groups, based on gene annotations. A hit-producing gene must have two highlighted 
events in (B). 
 
Validation of screen results by immunofluorescence analysis of cryosections 
 With a list of potential hits now assembled, selected hit-producing gene were validated and 
more thoroughly tested. We applied the same approach of TnC Immunofluorescent staining in tissue 
sections that proved successful when confirming the effects of actin depletion on other muscle proteins. 
For screen results validation, we chose Hsp22 and capt as representatives of the categories ‘molecular 
chaperone’ and ‘actin regulator’, respectively. Cryosections of double KD flies were stained for TnC4 and 
compared to similarly stained single knockdown controls (Figure 5A). When comparing TnC staining in 
capt double KD, Hsp22 double KD, and control single KD the size and distribution of TnC aggregates was 
noticeably different. At higher magnification, these differences became even more apparent (Figure 5A 
lower row). To systematically analyze these differences, sizes and density of TnC aggregates were 
quantified from single-pass confocal images of sections obtained from multiple flies (n ranging from 4 to 
8). The quantification confirmed that single KD control had more of large (>10 µm2) aggregates than any 
double KD (Fig. 5B). Hsp22 double KD produced more TnC aggregates than either single KD or capt 
double KD, but aggregates were smaller size (Fig. 5B,C). capt double KD was different because it had the 
same density of TnC aggregates as in control, but with smaller sizes, similar to Hsp22 double KD (fig. 5C). 
Overall, the immunofluorescent analysis captured differences in the distribution and abundance 
of the TnC protein for two tested hit-producing genes, Hsp22 and capt. These data suggest that these 
two genes identified by the genetic screen may indeed affect the clearance rates for TnC and, possibly, 
other structural proteins from actin-depleted muscles. 
 
 
 
Figure 5: Knockdown of Hsp22 and capt affects TnC aggregates in actin-depleted muscles. (A) Upper 
Row: Thoracic muscles stained to reveal TpnC (Red) and actin filaments (Green). Jump muscles (T) are 
not subject to the RNAi and serve as a reference point. Lower Row: A close up from upper images to 
better show TpnC aggregate distribution. (B) Quantification of overall density of TpnC aggregates per fly. 
(C) Quantification of aggregates greater than 10 um2. Images were converted to binary black and white 
and a threshold was applied. An outline around the area of the IFMs was drawn. Fiji’s “Count particles” 
program was used on the IFMs for each image; the lower threshold for an aggregate was 1 um2. 
 
mib2 KD produces unexpected results 
The mib2 gene was selected for validation by TnC immunofluorescence on cryosections as a 
representative of the category ‘classical UPS components’ (Fig. 4C), because its product acts as an E3 
ligase that labels protein substrates with Ub tags for degradation (Itoh et al.,  2003). Mib2 and Act88F 
double KD had a drastic difference from control single Act88F KD by a significant lack of TnC aggregates 
(Fig. 6A). Simultaneously, muscles of the double KD contained multiple nascent myofibrils (fig. 6B). 
Apparently, TnC does not form aggregates because a substantial portion of its pool finds escape via 
binding along these small actin filaments. We confirmed these results with 11 independently prepared 
double KD flies and 10 control single KD flies. It remains unclear if the effects of mib2 KD are due to a 
direct impact on actin polymerization, or if they are simply an artifact of the failed RNAi machinery that 
allows more Act88F transcripts escape degradation and produce more actin protein. We have compared 
mib2 results with those generated by knocking down another E3 ligase, Roc1a, and the latter was no 
different than a single KD control (not shown). Further studies should provide more insight into the 
mechanism leading to the phenotype of mib2, Act88F double KD. 
 
 
 
 
Figure 6: Knockdown of Mib2 shows significant 
actin retention and polymerization. (A) A fragment 
of the flight muscles with Act88F KD alone (single 
KD) or in a combination with mib2 KD (double KD), 
stained for TnC, F-actin, and DNA. TnC and F-actin 
confocal frames are shown separately in black and 
white contrast. (B) A closeup to better show nascent 
myofibrils forming in the double KD muscle. 
 
capt KD does not affect developmentally regulated MA in the Drosophila pupa 
 After confirming individual potential hits, the next step was to test these genes in a setting of 
natural muscle atrophy such as larval muscle atrophy. During Drosophila development, virtually all larval 
musculature in the abdomen undergoes drastic degeneration and elimination prior to metamorphosis, 
except a small set of dorsal muscles that are spared to give newly formed pharate adults the power to 
hatch from the pupal casing. Recently, these muscles have been adopted as a model to study MA in 
Drosophila (Kuleesha et al., 2016).  
Due to limited time, we were able to test only one target with this model. A Mef2-Gal4 driver (active in 
all muscles during muscle development) was crossed with tau-GFP flies producing driver flies with 
fluorescent muscles that were then crossed with capt KD flies resulting in progeny possessing both the 
KD as well as fluorescent muscles. Progeny were collected at the white pupae stage which is a very 
transient stage (lasting less than 2 hours), allowing us to create a standardized time 0 for all pupae 
(Bainbridge and Bownes, 1981). Images of the larval muscles were taken at various times for both WT 
and capt KD (Fig. 7A). The muscles are at their thinnest at the 50-60 hour mark. In order to quantify 
these fibers, borders were drawn around individual fibers measuring the area of each fiber which were 
then averaged for each timepoint and plotted on a graph (Fig. 7B). Regression curves were fitted to both 
data sets. From these curves, atrophy rates for WT and capt KD could be calculated and zones chosen 
for calculations were arbitrarily chosen for their linearity (Figure 7C). No statistically significant 
difference was found between the two. However, calculated hypertrophy rates were found to be 
statistically different.  
 
 
 
 
 
Figure 7: Quantification of developmental atrophy in WT and capt KD larval muscles reveals no 
significant difference. (A) Images of larval muscles over time. Individual fibers are outlined in white. (B) 
Changes in averaged muscle sizes (4 muscles for control, 6 muscles for capt KD) for control and capt KD 
muscles over developmental timeline have been fitted to a trendline. (C) Calculated atrophy and 
hypertrophy rates from the graph in panel B; rates were calculated from the highlighted zones. Non-
paired, two tailed student’s t-test with unequal variance. *p<.05  
 
 
Discussion: 
 With this study we aimed to start using Drosophila as a model to study MA mechanisms. Our 
goal was to create a list of genes potentially affecting degradation of muscle proteins and, subsequently, 
MA rates. To this end, we have created a Drosophila line with chronically deficient actin in the flight 
muscles. With this line, we were able to characterize the response of multiple sarcomeric proteins to 
actin-deficient conditions. Interestingly, not all proteins reacted in the same way. Some proteins showed 
drastic decreases while others were nominally lower; the extent of decrease appeared to positively 
correlate with association with actin filaments. Furthermore, we found that timing is key to measuring 
protein responses to actin loss; drastic differences exist between even a pharate adult and a 1-day old 
adult fly. This information enabled us to launch a small-scale reverse genetic screen for factors that can 
influence retention of structural proteins in actin-depleted muscles. The screen uncovered 20 genes, 
most of which (11) had not been previously associated with protein turnover control or MA. During 
validation of the screen results, we found interesting phenotypes affecting distribution of protein 
aggregates and actin content. One candidate produced by the screen, the gene capt, was tested and 
found to be irrelevant in an alternative model of developmentally regulated MA in the larval muscles. 
Overall, this work has provided a necessary groundwork to start addressing genetics of MA in a systemic 
way.  
 
 
 
Response of structural proteins to actin shortage 
Actin is a major constituent of the contractile apparatus as it creates the thin filaments that 
provide the structural basis to the sarcomere and host many other sarcomeric proteins as the 
attachment place. As shown by us in this study and others, physical removal of actin makes myofibrils 
collapse (Beall et al., 1989). It is reasonable to conjecture that in this case many displaced sarcomeric 
proteins, after losing their natural environment, become vulnerable to proteolytic degradation. This is, 
in fact, what we observed: proteins associated with thin filaments showed drastic depletion in the actin-
depleted muscles. One may argue that actin KD in the developmental context might signal other 
structural muscle genes to slow down their transcription rates, so the protein effect that we observe 
might not be directly due to enhanced protein degradation. This is a valid concern as gene-to-gene 
communication has been demonstrated for some structural muscle genes, such as TnC (Chechenova et 
al., 2017). Although this research question will require a more serious analysis, our immunofluorescence 
analysis of cryosectioned muscles supports a major role of proteolytic degradation by demonstrating the 
reduction of TnC content from the pharate to 1-d old adult.  
The immunofluorescence analysis also was very informative to highlight a limited capacity of the 
proteolytic machinery in the context of removal of protein surplus: we observed a persistent presence 
of TnC aggregates in IFMs even 3-d old adults. One possible explanation is that large aggregates are 
unavailable to the UPS, so a protein surplus that transitions to the state of large aggregates degrades 
slowly (Lisette et al., 2002). 
The possible role of Hsp22 during MA 
Small heat shock proteins (sHsps) are well-known for their role in binding and holding of 
unfolded proteins (Bryantsev et al., 2007), so it is very logical that two sHsp genes (Hsp22 and l(2)efl) 
were identified as hits in our screen. Interestingly, larger chaperones that possess ATPase activity and 
capable of active substrate refolding, such as Hsp70, did not make the screen hit list. This could be 
because Hsp70-like chaperones are mainly purposed for protein refolding rather than degradation 
(Nollen et al., 1999). Instead, small Hsps, such as Hsp22, are more suited to assist in events of massive 
accumulation of misfolded proteins (Bryantsev et al 2007, Liberek et al., 2008). We noticed that Hsp22 
KD perturbed TnC aggregates in actin-depleted muscles: the aggregates were numerous but smallish. 
We propose that Hsp22 (and other sHsps) can assist in making protein aggregates transportable to the 
places of degradation (Fig. 9A), while without it unfolded proteins irreversibly aggregate. 
 
 
Figure 9: Proposed models of action of two screen hits, Hsp22 and capt. 
 
 
 
The possible role of capt KD during MA 
Adenylate-associated protein Capulet (Capt) can increase the turnover rates of polymerized 
actin through rapid recycling of actin monomers (Moriyama and Yahara, 2002). With Capt being 
responsible for depolymerizing actin, it would make sense that in its absence what little polymerized 
actin present in the cell would stay polymerized for a longer time. This polymerized actin would provide 
the necessary structure for TnC to properly bind to which would result in less free TnC to participate in 
aggregate formation which could explain the lower aggregate size and count found in the capt, Act88F 
double KD muscles (Fig. 9B).  
Yet, in vivo experiments on developmentally regulated larval muscle atrophy (Fig. 7) did not 
yield a decreased rate of atrophy in capt KD pupae. These results warrant further analysis. capt KD in 
actin depleted flight muscles would have appeared to suggest that the absence of Capt would have 
slowed down the rate of atrophy but this was not the case. It could be that Capt’s primary role is not its 
ability to depolymerize, but rather its ability to facilitate polymerization. While the difference is slight, 
the final size of capt KD muscles were smaller than WT. Given natural atrophy proceeds just fine without 
Capt, but the subsequent hypertrophy is slowed, it is possible that another factor is responsible for most 
of the depolymerization of actin with Capt serving a more auxillary role. This would account for capt DK 
sections where most actin is still cleared out but a small amount remains.  
Our two experiments involving capt KD appear to be mutually conflicting. It is possible that Capt 
plays a different role in muscle development than in other conditions such as muscle remodeling. While 
Capt has been shown to enhance actin turnover rates (Balcer et al., 2003) another  study also found 
Capt to be active at nerve growth cones of developing Drosophila aiding in proper axon guidance (Wills 
et al., 2002). Other studies showed that Capt interacts with other proteins like Profilin, and Profilin can 
continue to function properly without Capt (Haarer et al., 1993). Taken together, these findings suggest 
the activity of the Capt protein likely depends on the context or presence of other regulators or 
environmental factors to influence its activity. This can explain the complexity of capt KD phenotypes. 
Mib2 KD effects 
 While capt KD in actin depleted muscles caused slightly more actin, Mib2, Act88F double KD 
muscles showed significantly greater quantities of polymerized actin. Since Mib2 is an E3 ligase, it makes 
sense that inhibiting degradation would result in a greater supply of actin to be incorporated into 
filaments. The phenotype of Mib2, Act88F double KD muscles appears to support the trend found in 
capt, Act88F double KD muscles of a greater amount of actin resulting in much smaller TnC aggregates. 
Interestingly others studies using a Mib2 KD showed it was required for proper muscle strength, 
stability, and overall health (Carrasco-Rando and Ruiz-Gomez, 2008). However, these studies did not 
have actin deficient conditions and it is possible that similar to capt, different environmental conditions 
might potentially affect the activity of Mib2.Given the appearance of nascent myofibrils in DK stained 
sections, Mib2 may affect other factors controlling actin polymerization in actin-deficient conditions. 
Other genes in screen hits 
 Of all the genes screened, tween star (tsr) showed some of the highest fold changes in protein 
content for a majority of the readout proteins. Out of the 5 attempts to create the cross and collect 
 
 
progeny, the tsr DK was near universally lethal before eclosure. Less than 10 flies managed to eclose and 
only 4 ever lived to 1-day old; this lethality is consistent with the literature for tsr KD (Lappalainen and 
Drubin 1997). Tsr is a protein known for the rapid depolymerization of actin and without it, actin forms 
large harmful aggregates (Gunsalus et al., 1995). While in the literature tsr KD was shown to be lethal in 
the larval or pupal stages, in our double knockdown experiments, tsr DK flies could consistently make it 
to the pharate stage. It is possible the overall lower amount of actin present potentially slowed the 
formation of harmful actin aggregates. These aggregates of actin would simultaneously be providing 
places for actin associated proteins to bind and preventing their clearance. While implications of an 
effect on MA are present for tsr, more testing and identification of all of its roles would be necessary 
given its documented lethality. 
 We noted that the taurine transporter Eaat2 also appeared in out screen hit list. The role of 
Eaat2, an amino acid transporter, for muscle physiology was clear, but its involvement in MA was not as 
apparent. One study found that knocking down Eaat2 caused flies to sleep more and showed reduced 
metabolic rates (Stahl et al., 2018). This decrease in metabolism could explain the retention of actin 
associated proteins in our study but would not explain Eaat2’s increased expression in actin deficient 
conditions. If instead of promoting MA, Eaat2 promoted hypertrophy instead, then its function as an 
amino acid transporter would make sense as a method of slowing MA. 
Conclusion 
Collectively, our findings suggest that we have developed a viable model to study MA. While it 
does not perfectly mimic MA, the model still provides a means to quickly screen a large number of genes 
for further testing. Stained cryosections in many cases could be more informative about protein content 
and organization than westerns. Beyond screening for genes involved in MA, our screening method 
showed potential for revealing genes potentially involved in hypertrophy as well, and further testing is 
needed to confirm hits and differentiate between atrophic and hypertrophic factors. 
Integration 
This study analyzes a question that lies within the realms of general biology, physiology, and 
medicine. Integrating techniques from multiple disciplines such as RNAi from genetics, westerns from 
biochemistry, and immunofluorescence from cell biology allowed us to gain a more expansive view and 
understanding of factors at play in MA and their varying roles. Our study may have been in fruit flies but 
has direct connection to MA in humans.   
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